between 1969 and 1972, and who had a second coronary arteriogram at a mean interval of 11.7 months later. Two hundred thirteen arteries (10 triple, 74 double, 37 single) were grafted and 148 were not. Graft patency rate was 72%. Stenotic obstructive lesions in defined arterial segments and major branches were recorded for each artery at each examination. Pre and postoperative arteriograms were reviewed at the same time. Disease was expressed as " % stenosis" of each segment or branch examined. An arterial score, which was the sum of segments and branches seen on each occasion, was calculated for each artery and the scores were compared. New total occlusion, new obstructive lesions, and progression of pre-existing lesions were five times more frequent in grafted than in nongrafted arteries with comparable initial disease. New and progressive lesions were encountered with the same frequency in arteries with patent and occluded grafts. They occurred more frequently in segments proximal to the graft than in distal segments. Arteries with moderate (less than 75%) and arteries with severe (75-99%) stenosis had similar progression rates. Only 2% of segments of ungrafted arteries showed new total occlusions as compared to 60% of grafted arteries. The arterial score fell by 34% in grafted arteries and did not change in nongrafted arteries. These findings suggest that significantly fewer branches and segments of grafted arteries are seen following bypass grafting. New totally occlusive lesions are considerably more frequent in grafted than in nongrafted arteries and are not related to graft patency at one year after surgery. Disease progression in ungrafted vessels is relatively slow. These changes in the coronary arteries should be considered when assessing patients, particularly those with moderate degrees of stenosis, for bypass grafting.
second arteriogram an average of 11.7 months after surgery. Changes in the coronary arteries are also examined in relation to graft patency.
Materials and Methods
Postoperative coronary arteriograms were obtained in 121 patients who underwent saphenous vein bypass grafting at the University of Alabama Medical Center before October 1972. These arteriograms were obtained as part of a continuing study of the long-term effects of surgery on symptoms, survival, functional capacity, the coronary anatomy, and circulatory hemodynamics. All patients who agreed to return for evaluation at predetermined times after operation are included in the study. Before October 1972, 282 patients had saphenous vein bypass graft operations without additional procedures such as valve replacement. Twentyseven patients died within one year of surgery. Sixty-eight others who lived outside the geographic area were unable to return to the Clinic for follow-up and ten patients who had their preoperative coronary arteriograms elsewhere and whose arteriograms could not be obtained for comparison with the postoperative films were excluded. One hundred and seventy-seven remaining patients were eligible for restudy. Of these, five patients refused to be followed at the Clinic and 36 patients declined a second arteriogram. In three patients, a second arteriogram was deemed inadvisable by the attending physician; in ten patients, arteriography was not possible or inadequate arteriograms were obtained; and two patients are still awaiting restudy. Consent to a second arteriogram and satisfactory arteriography were obtained in 121 of 164 (74%) eligible patients. Table 1 compares the characteristics of 64 patients who were not restudied with the restudy group. This group comprises the 44 patients who declined or were advised not to have a second arteriogram, ten patients in whom arteriography was attempted but not completed and ten patients whose initial arteriograms were carried out elsewhere and were not available. The table shows that the group who were not restudied had a longer preoperative history of angina and a higher incidence of myocardial infarction. Although more of them were judged to have two vessel involvement (> 50% obstruction in two major coronary vessels), the same number had three vessel involvement and a greater number received single vein grafts. One year later fewer patients in the group who were not restudied were completely free of angina. Because of the longer duration of symptoms, higher incidence of myocardial infarction, lower number of grafts placed in relation to the number of diseased vessels and less frequent symptomatic relief following surgery it is unlikely that the graft patency rate would be higher or the changes in the coronary arteries would be any less pronounced in the group who were not restudied. The time elapsing between surgery and the second coronary arteriogram is shown in figure 1. Cine coronary arteriograms were obtained using either the Sones or the Judkins technique. Multiple views of the coronary arteries were taken in different projections. At the postoperative arteriogram an attempt was made to inject both the native artery and the graft. The pre and postoperative arteriograms were analyzed at the same time by a single observer (BJM) who was not aware of the clinical status of the patient. For the purpose of comparison, each coronary artery was divided into segments, and obstruction assessed by subjective estimate of the vessel size. The degree of obstruction in each segment was recorded on a standard form and was scored as " % stenosison a scale ranging from 0% (no obstruction) to 100% (total occlusion). An initial set of 25 arteriograms were scored to standardize the reading procedure before interpretations were attempted. These arteriograms were re-read to eliminate any change in evaluation with time although the reader was an ex- perienced arteriographer. Figure 2 shows a portion of the form which was used and identifies the different coronary segments, which are listed below. The numbers given in the text after each segment identify the segments on the standard form.
Left Coronary Artery:
Left main coronary artery (1) Left anterior descending coronary artery Proximal segmentfrom the left main coronary artery to just beyond the first diagonal branch. (11) Middle segmentfrom the first to just beyond the second diagonal branch. (12) Distal segmentfrom the second diagonal branch to the termination of the artery. (13) Circumflex Coronary Artery:
Proximal segmentfrom the left main coronary artery to just beyond the first marginal branch (when a diagonal branch was present it was regarded as a first marginal for the purpose of analysis). (2) Distal segmentfrom the first marginal to the termination of the artery or its continuation as the posterior descending. Mid-segmentfrom the marginal branch to the division of the right coronary artery into the distal segment and the posterior descending branch. (19) Distal segmentfrom the bifurcation to the termination of the distal segment. (20) Posterior descendingfrom the bifurcation to the termination of the posterior descending branch. (21) Visualization of the following branches and the presence or absence of disease in them was also noted: the first two diagonal branches (8 and 10) and the first septal branch (9) of the anterior descending; the first and second marginal branches (6 and 7) of the circumflex artery; the conus and marginal branches of the right coronary artery (14 and 15) and the sinus node and atrioventricular artery (4 and 5 or 16 and 17).
In the context of this study, the designation, one, two, or three vessel disease, was reserved for at least 50% obstruction of a vessel such as the anterior descending, first diagonal, or other major branch which could be surgically approached. The results obtained have been analyzed in the following ways. In each case the results from grafted and nongrafted arteries are compared. The grafted arteries are also compared by graft patency.
Comparison By Segmental Stenosis:
The % stenosis in each segment preoperatively was compared with the % stenosis in the same segment postoperatively. The changes in the distal segments were further examined by whether they were proximal or distal to the site of the graft implant.
Comparison By Arterial Stenosis: A mean score was obtained for each artery at each examination by adding the % stenosis seen in each segment and dividing by the number of segments examined. Thus pre and postoperative scores in each artery could be compared. If the patient, at initial examination, had a 90% stenosis in the proximal part of the circumflex artery and a 50% stenosis in the distal part, the mean score for that artery was 70%. If, at re-examination, the proximal circumflex was totally occluded (100% stenosis) and the distal circumflex was still 70% stenosed, his mean score was 85%.
Comparison By Arterial Score: For each artery the sum of the total number of segments and branches visualized at the first and second examination was obtained. Segments and branches were counted if they were seen irrespective of the presence or absence of disease. If a segment was totally occluded on injection of the native artery, but the artery immediately distal to the occlusion was visualized by injection of the graft or by collateral vessels, that segment was counted in deriving the over-all score. The scores were then compared with each other.
Comparison By Patient Score:
The total number of segments and branches seen in each patient was also obtained, and again, a comparison was made between the pre and postoperative sums. At the repeat examination, segments and branches were counted if they were seen following injection of either the coronary arteries or the graft.
Results
Two hundred and thirteen arteries in 121 patients were grafted. Two other arteries received internal mammary grafts. One hundred and forty-eight arteries were not grafted. Ten patients had triple, 74 C:ircuw(lationl XJlutrntcs 0.'f) AugustiSt 1.974 received double, and 37 received single grafts. One hundred and ten left anterior descending, 84 right coronary arteries, and 21 circumflex arteries were grafted, and 11 left anterior descending, 37 right coronary, and 100 circumflex arteries were not grafted. Figure 3 shows the mean % stenosis in each vessel at the first and second examinations. The mean % stenosis for all arteries (i.e. the sum of disease in all segments divided by the number of segments) with patent grafts was 45% before operation and 68% at the second examination. When the graft was closed the mean % stenosis was 45% and 72%, respectively. In arteries which were not grafted the mean % stenosis was 26% and 30%, respectively. These changes are of similar magnitude when the left anterior descending, the right coronary, and the circumflex coronary arteries are examined separately. The findings suggest that the over-all rate of narrowing is more rapid in grafted than in nongrafted vessels and that it is not influenced by the patency of the graft. This differential rate of narrowing might be of little functional significance if it were due to closure of the artery at a point of pre-existing stenosis and the artery distal to the occlusion continued to be perfused by the patent graft. However, the rate of progression was the same in all grafted arteries and was not influenced by graft patency. This suggests the possibility of a significant loss of perfusion both at the point of original maximal stenosis and in the segments distal to the major obstruction. The figures also suggest that the aerteries which were bypassed were more seriously diseased at the first examination (mean % stenosis 45% vs 26%). This might explain the more rapid rate of progression in grafted as opposed to ungrafted vessels. To examine these possibilities several further analyses were undertaken. Figure 4 compares the rate of progression in proximal and mid segments combined. A comparison is also made between vessels which did not receive a graft, vessels to which the graft was patent, and vessels to which the graft was occluded. The changes are related, in each instance, to the presence or absence of disease in the segment at the time of first examination. Segments which were totally occluded (100% stenosis) have not been included in these figures. Figure 5 compares changes in the distal segments in the same way and, when the graft was patent, by whether they were proximal or distal to the site of graft placement. Table 2 gives a more detailed breakdown of the data presented in figures 4 and 5; it shows the mean percentage stenosis for each segment of each artery before and after surgery. When the figure and table are taken together it can be seen that 48% (74 of 155) of the grafted proximal and middle segments and 18% (32 of 177) of the grafted distal segments which were previously free of disease were totally occluded at the second examination. Such new total occlusion occurred in only 2% (5 of 230) of previously normal segments of an artery to which a graft was not placed. New stenoses, not amounting to total occlusion, were evident in a further 8% of grafted proximal and mid segments, 13% of grafted distal segments previously free of disease, and 10% of ungrafted segments which were previously free of disease. Thus the incidence rate of new disease (either stenosis or occlusion) in segments which showed no abnormalities at the first examination was 56% (87 of 155) for grafted proximal and mid segments, 31% (55 of 177) for grafted distal segments, and 12% (28 of 230) for ungrafted segments. Occlusion rates of segments which were stenosed but not totally occluded at the first examination were 63% (138 of 80 (160) ( 218) for grafted proximal and mid segments, 20% (7 of 35) for grafted distal segments, and 8% (9 of 107) for ungrafted segments. The total progression rates, that is, the sum of segments progressing to total occlusion and those segments showing an increase of more than 25% in percentage stenosis, were 73% (159 of 218), 37% (13 of 35), and 23% (25 of 107), respectively. Further analysis of the data suggests that arterial segments with minimal disease (less than 50%), moderate disease (50-74%), and severe disease (75-99%) have an equal chance of developing new total occlusion or progressive stenosis following bypass grafting. The data suggest that all segments of grafted arteries are more likely to show new lesions or new total occlusion than ungrafted segments with an equivalent lesion at first examination.
As explained in the section on methods, the score of each artery is derived by summing all segments and major branches visualized at arteriography. The score for each patient was obtained by summing the individual arterial scores in that patient. If every segment and branch were seen at arteriography, the total possible score for each patient would be 19: 6 for the left anterior descending, 4 for the circumflex coronary artery, 6 for the right coronary artery, and 1 each for the left main artery, the sinus node artery and the artery to the atrioventricular node. In practice the maximum possible score was occasionally less than 19 for anatomical or technical reasons. For instance the conus artery may have a separate ostium and may not be visualized by selective injection of the right coronary artery. In other instances, the conus or sinus nodal branches may arise very early in the course of the right coronary artery and the dye may be injected distal to the orifice. In either case these branches might not be visualized at one or other examination. Therefore when branches were seen at one examination and not at the other, the films were examined carefully and if failure to visualize the branch was due to the above reasons, the branch was not included in the total score. In three patients selective injection of a coronary artery (1 right coronary artery and 2 left coronary arteries) could not be made at the second ex- amination. The score from these two arteries has not been included in deriving the pre and postoperative scores for the patient. The mean total score for each patient was 16.4 at the first examination and 13.7 at the second. Thus an average of 2.7 fewer segments or branches were seen at the second examination. Table  3 indicates that this over-all loss was due to failure to visualize portions of grafted arteries at the repeat examination, that the loss was not dependent on graft patency, and that there was no significant change when the arteries were not grafted. The mean preoperative score for 147 arteries to which the graft was patent was 4.92 (+ .096); the postoperative score was 3.57 (+ .132). The scores for 62 arteries to which the graft was occluded were 4.90 (+ .127) and 3.58 (+.237), respectively. For 145 ungrafted vessels the pre and postoperative scores are similar, 4 .18 (± .007) and 4 .10 (± .009). The initial score in this group is lower than the initial score in the grafted vessels because the circumflex was the vessel most frequently not bypassed and the total possible score for this vessel is lower than that for the left anterior descending or the right coronary arteries. However, when the right coronary artery and the left anterior descending are examined alone, the results are essentially similar (Table 3 ). It would appear that significantly fewer segments and branches of bypassed vessels are seen at the repeat examination than when the vessel is not grafted. Discussion New total occlusions occur more frequently and pre-existing disease progresses more rapidly in grafted vessels within the first year following surgery. This seems to be true for all degrees of disease from insignificant stenosis to almost complete obstruction. The incidence rate of new total occlusions is approximately 16 times greater in grafted than in non- grafted previously normal segments. The total rate of progression is 3.5 times greater in such grafted segments. In previously diseased segments new total occlusion is 7 times more frequent and total progression rate 3 times greater in grafted segments, irrespective of the degree of disease. It is 4 times greater in lesions which were hemodynamically significant, at least 50% stenosis, at the initial examination. When the total number of segments and branches visualized in grafted and rrongrafted vessels at the first and second examination is determined it is clear that significantly less of the coronary arterial tree is visualized in vessels which have been grafted than in vessels which are not. Such an observation might not be regarded as surprising if all the nongrafted vessels were previously free of disease and all the grafted vessels were severely diseased. It might also be argued that, although the placement of the graft had not resulted in the same or a greater number of vessels being visualized at the second examination, such a result might be expected because of the progressive nature of the disease and if the operation had not been performed even less of the native coronary arterial system might have been visualized one year later. However, the data presented here do not support these suggestions, because among the vessels which were not grafted were many in which the graft was not performed because of the extensive nature of the disease in both proximal and distal segments. Even in such vessels the rate of progression appeared to be significantly less than in diseased vessels which had been grafted and the number of segments and branches visualized at the second examination were greater. These observations suggest that the operation has not attained its primary objective of increasing effective blood supply to the myocardium supplied by the grafted vessels in a substantial number of patients.
Several recent papers'-" have drawn attention to changes in the native circulation following saphenous vein bypass grafting. The largest series was reported by Griffith et al.' from Johns Hopkins Hospital. They found a high incidence of new total occlusion and new disease in the artery proximal to the saphenous vein graft. Vlodaver and Edwards4 have reported recent thrombosis in one or more arteries proximal to a graft in 12 of 43 patients dying within one month of bypass grafting. Malinow et al. 6 found new total occlusions in 44% of grafted and 6% of nongrafted arteries. The findings in the 121 patients reported here are in keeping with these observations. From our own and the other cited evidence it would appear that in a substantial number of patients who undergo saphenous vein bypass grafting, the operation is associated with a high rate of closure of the proximal vessels, an increased incidence of new stenotic lesions in the coronary arteries, and significantly less total myocardial perfusion, as determined arteriographically, one year later. Three possible explanations for these observations have been advanced by Griffith et al.1 (1) That the changes represent the natural progression of coronary atherosclerosis. The relative rarity of new lesions or of progression in pre-existing lesions in ungrafted vessels suggests that natural progression is unlikely and that the changes are associated with the operation itself.
(2) That they are related to surgical manipulation of a severely diseased coronary artery. (3) That they are due to a reduction in flow through a segment of the bypassed artery.
Trauma to an already diseased vessel during surgery could obviously be responsible for some deterioration. In addition, placement of a functioning distal graft changes the flow pattern in the vessel and could explain the observed changes. In this context the immediate result of successful distal graft placement is the creation of a second channel for flow to the distal artery. The effects of this new channel will vary depending on the degree of disease and the magnitude of the pressure gradient across a major proximal stenosis. If a major lesion is present proximally and is associated with a significant pressure gradient the distal graft will, initially, perfuse the portion of the artery which lies between it and the obstruction. This should tend to reduce the pressure gradient across the proximal stenosis and the two blood streams should meet at the site of major obstruction. The meeting of the two produces tur- *The percentage loss is given for each artery by graft status and by degree of initial disease.
The figures in parentheses are the numbers of arteries in each group on which observations were made. bulence and stasis, both of which may lead to thrombus formation and occlusion of the artery at that point. Once a thrombus has occurred perfusion of the artery distal to the obstruction has to come from the graft alone. That part of the artery between the complete obstruction and the next branch is now, effectively, closed at its proximal end and blood which enters it cannot escape. The resulting stasis would favor the formation of a distal propagating thrombus. Once formed this thrombus would probably extend to the first major branch following the complete obstruction. The presence of good runoff for the blood from the graft through this major branch may, in some instances, prevent further thrombus formation. However, two other factors may predispose to further propagation of the thrombus from this point.
(1) The direction of flow in the native vessel is now reversed. This implies that the blood is now moving from a narrow bore artery to one of wider caliber and since flow velocity is inversely related to the crosssectional area of the vessel it will tend to be less proximal to the graft.
(2) The reversal of flow means that branches proximal to the graft site have to be perfused retrogradely. The branching pattern of the coronary tree is such that perfusion of the proximal branches now demands that the direction of blood flow is suddenly altered and the current of blood has to negotiate an acute angle. This probably results in turbulence at the points of branching. A combination of reduced flow velocity and increased turbulence could lead to further thrombus formation and occlusion of another proximal segment or branch. Pre-existing atheroma at the branch would increase the turbulence.
These theoretical considerations could explain the high incidence of failure to visualize previously undiseased proximal segments and branches in our patients. Further the observed pattern of loss is compatible with them. Thus when a graft is placed to the distal portion of the left anterior descending artery to bypass a lesion in the proximal segment the most common finding at arteriography (when the graft is patent) is complete occlusion of the vessel at the site of original severe stenosis and failure to visualize (by graft injection) any of the artery proximal to the second diagonal branch. This would imply loss of the distal portion of the proximal segment, the first diagonal and an unknown number of septal branches.
Bypassed arteries with lesions which are less severe than those discussed above also tended to occlude proximally. In these cases the sequence may be somewhat different. The absence of a pressure gradient implies that the two blood streams meet at some point in the arterial tree. This presumably results in turbulence and could predispose to throm-C.irculal(Xtion Aun ie 50 Au .-\gulst 1974 bosis especially at the site of an atheromatous plaque, with the sequelae outlined above. However, the site of occlusion could be at any point between the proximal segment and the graft implant.
The absence of anterograde perfusion in vessels which are totally occluded at the time of bypass grafting removes one of the factors promoting thrombus formation. If indeed thrombosis sometimes begins at the point where the anterograde stream from the native channel and the retrograde stream from the graft meet, then it might be expected that the reduction in the number of segments and branches seen at the second examination should be less when the proximal artery is already totally occluded. That this is so is suggested by table 4, which shows that the % loss of segments in arteries to which the graft was patent was 34% when the bypassed vessel was patent at the first examination and 11% when it was occluded.
It should be emphasized that the patients whose results are reported here were amongst the earliest investigated and operated upon at the University of Alabama Medical Center. It is possible that with increasing experience in the selection of patients and with improvements in technique graft patency rate is higher and changes in the proximal coronary arteries are less striking in more recent patients. Nevertheless the results are disturbing insofar as they suggest that, in many patients, saphenous vein bypass grafting is associated with deterioration in the native coronary circulation of a previously unappreciated degree, e.g., 54% of segments proximal to an occluded graft (28% of the grafts) have closed. They are consistent with the reported high incidence of probable perioperative in-farction7`9 (22% of these patients). It is equally clear that arteries with significant but less than critical stenosis (50-75%) are almost as likely to close following bypass grafting as arteries with a major stenosis. The 34% loss of segments and branches in this group suggests that the wisdom of operating on such vessels is questionable. Among these patients however there are a substantial number who have received saphenous vein grafts in whom there is no significant change in the native circulation, who do not have evidence of perioperative infarction, and who are free of angina and have an improved exercise tolerance. It is hoped that continuing investigation will allow these patients to be identified before surgery and that eventually surgery can be avoided in individuals who are not likely to benefit.
